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I M M U N O L O G Y

A phospho-tyrosine–based signaling module using 
SPOP, CSK, and LYN controls TLR-induced IRF activity
Kazuki Tawaratsumida1, Vanessa Redecke1, Ruiqiong Wu2, Jeeba Kuriakose3, Jill J. Bouchard4†, 
Tanja Mittag4, Brian K. Lohman5, Ashutosh Mishra6, Anthony A. High6, Hans Häcker1*

Toll-like receptors (TLRs) recognize pathogen- and host-derived factors and control immune responses via the 
adaptor protein MyD88 and members of the interferon regulatory transcription factor (IRF) family. IRFs orches-
trate key effector functions, including cytokine release, cell differentiation, and, under certain circumstances, in-
flammation pathology. Here, we show that IRF activity is generically controlled by the Src kinase family member 
LYN, which phosphorylates all TLR-induced IRFs at a conserved tyrosine residue, resulting in K48-linked polyubiq-
uitination and proteasomal degradation of IRFs. We further show that LYN activity is controlled by the upstream 
kinase C-terminal Src kinase (CSK), whose activity, in turn, is controlled by the adaptor protein SPOP, which serves 
as molecular bridge to recruit CSK into the TLR signaling complex and to activate CSK catalytic activity. Consistently, 
deletion of SPOP or CSK results in increased LYN activity, LYN-directed IRF degradation, and inhibition of IRF 
transcriptional activity. Together, the data reveal a key regulatory mechanism for IRF family members controlling 
TLR biology.

INTRODUCTION
Toll-like receptors (TLRs) are master regulators of inflammation, 
which is physiologically required to initiate immune responses. With 
the exception of TLR3, all TLRs initiate signaling via recruitment of 
the adaptor protein MyD88, followed by activation of defined sig-
naling pathways, such as the nuclear factor B (NF-B), mitogen-
activated protein kinase (MAPK), and interferon regulatory factor 
(IRF) pathway. The IRF family of transcription factors consists of 
nine members, which control various TLR effector functions rang-
ing from the eponymous type I interferons (IFN-I) and cell differen-
tiation to other key immune regulators, such as interleukin-12 (IL-12) 
(1–6). A role in TLR/MyD88-mediated gene regulation is particu-
larly well documented for IRF1/5/7/8 controlling IFN-I expression, 
and IRF5 and IRF8 controlling IL-12p40 transcription (1–3, 7–12). 
While the critical contribution of these factors in immune regulation 
is clearly established, the underlying molecular mechanisms involved 
are only partially understood (13, 14). In particular, how IRFs are 
negatively regulated remains largely unknown and is the major fo-
cus of this study.

Because of the pivotal inflammatory function of TLRs, inadequate 
TLR activity promotes various inflammatory and autoimmune dis-
eases, extending from bacterial sepsis and ischemia reperfusion in-
jury to obesity-related metabolic inflammation and systemic lupus 
erythematosus (SLE) (15–19). Evidence for a pathogenic function of 
TLRs is particularly well supported in SLE with disease-associated 
polymorphisms in TLR signaling proteins, such as TLR7, IRAK1, 
IRF5, LYN, TNIP1 (ABIN1), and TNFAIP3 (A20) (20). Consistently, 

lupus-like disease symptoms in various mouse models are largely 
prevented by deletion of the TLR adaptor protein MyD88 (21–26). 
The role of IRFs in immune pathology, in turn, is particularly well 
documented for IRF5, with strongly ameliorated disease upon 
IRF5 deletion in all lupus models investigated so far (27–33). This 
includes the Lyn−/− model, which is particularly interesting as the 
Src kinase LYN was shown to interact with and control IRF5 ac-
tivity. Given that all lupus models, including the LYN−/− model, 
appear to depend on MyD88 and IRF5, the data collectively indicate 
a SLE-linked pathogenicity axis constituted by MyD88, LYN, and 
IRF5. Still, it needs to be further investigated if these proteins act in 
one coherent signaling cascade that operates in the same cell type 
(23, 33, 34). LYN’s inhibitory function for IRF5 was attributed pri-
marily to LYN’s capacity to bind IRF5, rather than its tyrosine kinase 
activity. This is unexpected in context of the established polymor-
phism found in C-terminal Src kinase (CSK), the master negative 
regulatory kinase of Src family kinases (SFKs). This SLE-linked poly-
morphism in CSK results in increased protein expression and re-
duced LYN kinase activity, which seems particularly compatible with 
a scenario where CSK controls LYN kinase activity and thus IRF5 
activity (35).

Here, we used a proteomic approach to study the composition of 
the TLR/MyD88 signaling complex to identify proteins controlling 
signal transduction and gene regulation. This led to the identifi-
cation of the adaptor protein speckle-type POZ protein (SPOP) as 
MyD88-binding protein. The function of SPOP as substrate recog-
nition adaptor protein for the Cullin3-RING ubiquitin ligase (CRL3) 
is well established, and defined SPOP mutants cause cancer (36). Pre-
vious studies also described an interaction between MyD88 and SPOP, 
with SPOP controlling MyD88 protein levels in hematopoietic stem 
cells (HSCs) and diffuse large B cell lymphoma cells (37, 38). Our study 
reveals an additional function of SPOP, i.e., as adaptor protein for 
CSK, in mature immune cells. This function is critical for recruiting 
CSK into the TLR/MyD88 signaling complex where it is required to 
contain LYN activity. Detailed analyses using SPOP-deficient mice 
and biochemical assays reveal a critical role of SPOP, CSK, and LYN 
in IRF regulation, with LYN phosphorylating IRFs at a conserved 
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tyrosine residue, resulting in polyubiquitination, proteasomal deg-
radation, and inhibition of IRF transcriptional activity. Of note, these 
mechanisms are not restricted to IRF5 but appear to control all IRFs 
that are activated through MyD88, revealing a general mechanism of 
transcription factor regulation.

RESULTS
Identification of SPOP as MyD88-interacting protein
To identify MyD88-interacting proteins that control TLR signal-
ing, we conducted proteomic experiments based on RAW264.7 
cells expressing an epitope-tagged fusion protein of MyD88 and 
gyrase B (MyD88-GyrB). Using the GyrB-binding bivalent com-
pound coumermycin A1 (CM), this protein allows GyrB-mediated 
inducible dimerization and formation of the MyD88 signaling com-
plex, mimicking physiological TLR activation. Using this approach, 
components that are recruited into the activated signaling complex 
can be identified efficiently by quantitative mass spectrometry (MS) 
upon affinity purification (39, 40). Here, we used stable isotope 
labeling by amino acids in cell culture (SILAC) as a quantitative 

method in combination with MyD88-GyrB–expressing RAW264.7 
macrophages (plus/minus CM), as well as RAW264.7 cells expressing 
GyrB alone as controls. While known components of the MyD88 
complex, including TRAF6 and IRAK1, were primarily identified 
upon CM-induced MyD88 activation, SPOP was identified as con-
stitutive, MyD88-interacting protein, whose abundance increased 
further upon CM activation (Fig. 1A). SPOP was originally identi-
fied as protein exhibiting a discrete speckled pattern in cell nuclei, 
and later found to serve as adaptor protein of CRL3, recruiting sub-
strates to CRL3 for ubiquitination and subsequent proteasomal deg-
radation (41–44). We confirmed interaction between MyD88 and 
SPOP by immunoprecipitation (IP)/immunoblotting (IB) with anti-
bodies against endogenous proteins, showing constitutive interaction 
of the two proteins, which was further increased upon CpG-DNA 
(TLR9)–mediated cell activation (Fig. 1B). A previous large-scale 
yeast two-hybrid screen had identified interaction between MyD88 
and SPOP, suggesting direct protein interaction, which was confirmed 
by mentioned recent publications (37, 38). To further confirm and 
characterize this interaction, we generated mutant proteins of MyD88 
and SPOP and performed co-IP studies in human embryonic kidney 

Fig. 1. Identification of SPOP as MyD88-interacting protein. (A) Quantitative MS analysis of proteins copurifying with MyD88. Numbers reflect ratios of proteins co-
purifying with nonstimulated MyD88-GyrB versus control protein (GyrB) (left) and CM-stimulated (dimerized) versus nonstimulated MyD88-GyrB (right). Numbers in brackets 
indicate number of unique peptides identified. (B) IP/IB analysis (left) of RAW264.7 cells with antibodies against endogenous proteins. IB of protein input (right) is shown 
for comparison. (C) Schematic representation of MyD88 constructs. MyD88-AA, MyD88 SS136/137AA. (D) IP/IB analysis of proteins transfected into HEK293T cells. HA, 
hemagglutinin. (E) Schematic representation of SPOP constructs. (F to H) IP/IB analysis of proteins exogenously expressed in HEK293T cells. (I) FA competition 
binding assay. Peptides containing the candidate SBM of MyD88 and the mutated sequence MyD88-AA compete with fluorescein-Puc91–106 for binding to the SPOP 
MATH domain in an FA competition assay. [L] is the peptide concentration. Continuous lines are nonlinear least-squares fits to a complete competitive binding model. 
See Table 1 for Kd values.
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(HEK) 293T cells (Fig. 1C). As shown in Fig. 1D, the full-length pro-
teins interacted robustly, as expected. Mutant forms of MyD88 lack-
ing either of the two structured globular domains of MyD88, i.e., 
the N-terminal death domain (DD) or the C-terminal Toll/IL-1 re-
ceptor homology domains (TIR), maintained SPOP binding, indi-
cating that interaction is mediated by the so-called intermediate 
domain (IM) between DD and TIR. Deletion of IM prevented in-
teraction, suggesting that SPOP binds to this region of MyD88 
(Fig. 1D). Different structural domains of SPOP have been character-
ized, including an N-terminal MATH (meprin and TRAF homology) 
domain that mediates substrate recognition, as well as C-terminal 
BTB (broad-complex, tramtrack, and bric-à-brac) and BACK (BTB 
and C-terminal kelch) domains, which contribute to SPOP oligom-
erization and protein interaction with CUL3 (Fig. 1E) (45). While a 
mutant form of SPOP lacking BTB and BACK domains still inter-
acted with MyD88, a MATH deletion mutant failed to bind MyD88, 
indicating that SPOP might use its substrate recognition site to me-
diate MyD88 binding (Fig. 1F). Consistent with this possibility, the 
oncogenic point mutation at F133 (F133V) within the MATH domain 
of SPOP, which impedes substrate recognition, displayed strongly 
reduced interaction with MyD88. A Y353E mutation in the BACK 
domain, which prevents SPOP oligomerization, remained without ef-
fect (Fig. 1G) (46). The IM of MyD88 contains a sequence with similar-
ity to the defined SPOP-binding motif (SBM)   S S/T S/T (Fig. 1C) 
(45). Replacement of the two central serine residues with alanine res-
idues (MyD88-AA) abrogated the protein interaction between MyD88 
and SPOP in HEK293T cells, suggesting a critical contribution of this 
SBM for protein interaction (Fig. 1H). This interpretation was further 
supported by fluorescence anisotropy (FA) competition binding as-
says, in which a peptide containing the MyD88 SBM outcompeted the 
interaction between SPOP and a peptide from the phosphatase Puc 
containing the highest affinity SBM. Kd (dissociation constant) was 
~0.3 mM and decreased ~23-fold upon mutation of key serine residues 
to alanine (MyD88-AA mutant; Fig. 1I and Table 1). These observa-
tions are also consistent with recent reports and show that MyD88 
interacts directly with SPOP, using the substrate recognition cleft of 
SPOP and the corresponding SBM in the IM domain of MyD88 (37, 38).

SPOP controls expression of a select group of TLR target 
genes in myeloid cells
To investigate the function of SPOP in TLR biology, we established 
SPOP-deficient mice based on embryonic stem cells obtained from 
the knockout mouse phenotyping (KOMP) consortium (Spop Frt 
mice). Germline deletion of Spop results in embryonic or perinatal 
lethality; however, embryos harvested up to day E13.5 (embryonic 
day 13.5) showed the expected Mendelian ratio (47). We used fetal 

livers of E13.5 embryos to establish chimeric mice by adoptive trans-
fer, whose bone marrow (BM) was used to generate dendritic cells 
(DCs). These BM-derived DCs (BMDCs) were stimulated with the 
TLR9 agonist CpG-DNA for 6 hours, and mRNA expression was ana-
lyzed by RNA sequencing (RNA-seq). A total of 3115 genes were 
up-regulated upon CpG-DNA stimulation in wild-type (wt) BMDC 
(Fig. 2A). Among those genes, 131 were significantly reduced in 
SPOP-deficient BMDC. These SPOP-dependent genes included 
well-characterized immune regulators, such as Nos2 [INOS (inducible 
nitric oxide synthase)], Ifnb1 (IFN-), Il6 (IL-6), and IL12b (IL-12 
p40) (Fig. 2B and table S1).

Deregulation of a select number of these genes was confirmed by 
quantitative polymerase chain reaction (qPCR), demonstrating signifi-
cantly reduced expression of CpG-DNA–induced Il12b and Il6, while 
Tnfa expression was not affected (Fig. 2C). These changes in gene 
regulation were recapitulated on a protein level and were also appar-
ent for other TLR ligands engaging MyD88-dependent signaling 
pathways, including R848 (TLR7) and lipopolysaccharide (LPS) 
(TLR4) (Fig. 2D). To exclude a potential influence by cell differen-
tiation, we further recapitulated these findings using the macrophage 
cell line RAW264.7, where we deleted SPOP using CRISPR-CAS9 
(Fig. 2E). Similar to primary cells, SPOP-deficient RAW264.7 cells 
exhibited a significant defect in CpG-DNA–mediated IL-12 and IL-6 
expression, while TNF- expression was not affected (Fig. 2, F and G, 
and fig. S1, A and B). Similar results were obtained from BM-derived 
plasmacytoid DC, where CpG-DNA–induced Il12b and Ifnb were 
strongly reduced in SPOP-deficient cells, while Ikba, an NF-B target 
gene, was not affected (Fig. 2H). To confirm these findings in vivo, 
we established conditional SPOP-deficient mice containing Spop 
flanked by loxP sites (Spopf/f; see Materials and Methods). These 
mice were crossed with Vav-iCre mice to delete Spop in hematopoietic 
tissues (48). As expected, SPOP was efficiently deleted in splenocytes 
of Spopf/f Vav-iCre mice (fig. S1C). Consistent with the in vitro ex-
periments, in vivo challenge of Spopf/f Vav-iCre mice with R848 re-
sulted in significantly reduced serum levels of IL-12 p40 and IFN-, 
while TNF- was not affected (Fig. 2I).

As noted, two recent reports described interaction between MyD88 
and SPOP. One was based on overexpression experiments suggesting 
SPOP/CUL3-mediated suppression of oncogenic MyD88 function in 
lymphoma cells (38). The other report suggested a CUL3-dependent 
function of SPOP specifically in HSC (37). SPOP deletion appeared 
to result in increased MyD88 levels in an HSC cell line (possibly owing 
to defective CUL3-mediated ubiquitination and protein degradation), 
resulting in increased neutrophilia upon challenge with the TLR3 ago-
nist double-stranded RNA [poly I:C (Polyinosinic : polycytidylic acid)] 
(37). While described functions appeared restricted to specific cell 
types, both suggested a gain of function of MyD88 upon SPOP de-
letion, due to increased MyD88 protein levels. These observations are 
reminiscent of the established SPOP/CUL3 function in the androgen 
receptor (AR), estrogen receptor (ER), and MYC pathway, where loss 
of SPOP function results in increased expression of AR, ER, and 
MYC, ultimately driving oncogenicity (49–53). This phenotype is not 
observed in mature innate immune cells, where neither increased TLR-
driven effector functions, such as IFN-I or IL-12 expression, nor in-
creased MyD88 expression and enhanced signaling pathway activity, 
e.g., of the NF-B and MAPK pathways, is observed upon SPOP dele-
tion (Fig. 2 and see below). Together, results based on gene-deficient 
innate immune cells demonstrate that SPOP is required for activa-
tion of a subset of genes induced by TLRs that signal via MyD88.

Table 1. Peptide affinities to the SPOP MATH domain.  

Motif Residue no. Sequence Kd (mM)*

MyD88-SBM 134–138 VESSV 0.83 ± 0.36

MyD88-AA 134–138 VEAAV 7.40 ± 3.48

CSK-SBM 338–342 EASST 0.45 ± 0.13

CSK-AAA 338–342 EAAAA 5.13 ± 1.36

*Errors represent SEs from four to five replicates from FA competition 
binding experiments.
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Fig. 2. Selective defect of TLR-induced genes in Spop−/− immune cells. (A) RNA-seq–based gene expression analysis of BMDCs. Left: Treatment effect (4-hour CpG-DNA) 
of wt BMDC. A total of 3115 CpG-DNA–inducible transcripts (out of 21,267 transcripts) are highlighted in blue [fold change (FC) > 2, false discovery rate (FDR) < 0.05]. Right: 
Genotype effect on selected 3115 transcripts in wt and Spop−/− BMDC. A total of 131 transcripts were down-regulated in Spop−/− BMDC (red; FC > 4, FDR < 0.05). (B) Heatmap 
representation of selected transcripts from (A). (C) qPCR analysis of BMDC stimulated with CpG-DNA for 4 hours. ns, nonspecific. (D) Cytokine analysis [enzyme-linked 
immunosorbent assay (ELISA)] of BMDC stimulated with CpG-DNA, R848, or LPS for 6 hours. (E) IB analysis of RAW264.7 cells expressing CAS9 that were transduced with 
vectors encoding control (ctrl) and Spop-specific single-guide RNAs (sgRNAs). (F) qPCR analysis of RAW264.7 cells with SPOP deletion (SPOP-sg) or controls (Ctrl-sg) that 
were stimulated with CpG-DNA for 4 hours. (G) Cytokine analysis (ELISA) of Ctrl-sg– or SPOP-sgRNA–treated RAW264.7 cells that were stimulated with CpG-DNA for 
6 hours. (H) qPCR analysis of plasmacytoid DC stimulated with CpG-DNA for 4 hours. (I) In vivo cytokine analysis (ELISA) upon R848 challenge for 90 min. Data represent 
means ± SD from three independent experiments. *P < 0.05, ***P < 0.005 are determined by two-way analysis of variance (ANOVA) with Sidak’s multiple comparison test 
(C, D, and F to I) and unpaired t test (I).
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SPOP controls IRF activation
To delineate signaling pathways involved in SPOP-mediated gene 
regulation, we analyzed the RNA-seq dataset for transcription factors 
linked to genes deregulated in SPOP-deficient DC. The five top hits 
identified by transcriptional regulatory relationships unraveled by 
sentence-based text mining (TRRUST), a curated database of human 
and mouse transcriptional regulatory networks (available through 
Enrichr), included four IRF transcription factors (Fig. 3A) (54–56). 
As mentioned, various IRFs, including IRF1, IRF5, and IRF8, are 
known regulators of TLR-mediated gene transcription in myeloid 
cells, including BMDC and macrophages, and we analyzed their nu-
clear translocation along with other major TLR signaling pathways, 
i.e., the NF-B and MAPK pathways. TLR9-mediated phosphoryla-
tion of RELA (p65) and the MAPKs c-Jun N-terminal kinase 1/2 
(JNK1/2), p38, and extracellular signal–regulated kinase 1/2 (ERK1/2) 
was comparable in wt and Spop−/− BM-derived macrophages (BMMs) 
(Fig. 3B). As noted above, no differences in MyD88 expression, neither 
constitutively nor during TLR activation, were observed in various 
independently established cell populations (Fig. 3B). In contrast, 
nuclear translocation of IRF1, IRF5, and IRF8 was almost completely 
lost in SPOP-deficient cells (Fig. 3C). This defect was also apparent 
in SPOP-deficient RAW264.7 cells (Fig. 3D). To see whether this 
defect in IRF activation was specific for the MyD88 pathway, we 

stimulated cells with LPS, which activates IRF3 via the TRIF path-
way (57). LPS-mediated nuclear translocation of IRF3 was largely 
unaffected in SPOP-deficient cells, suggesting that the TRIF pathway 
proceeds independent of SPOP (Fig. 3E). To confirm that the defined 
MyD88-SPOP interaction was required for IRF activation, we re-
constituted Myd88−/− multipotent progenitor cells with MyD88-wt 
or the SBM-defective MyD88-AA mutant, followed by macrophage 
colony-stimulating factor (M-CSF)–driven cell differentiation into 
macrophages and stimulation with CpG-DNA. While MyD88-wt 
conferred responsiveness to CpG-DNA–mediated NF-B-, IRF5-, 
Il12b, and Tnfa activation, MyD88-AA conferred similar responsive-
ness to NF-B and Tnf activation but failed to rescue IRF5 trans-
location and (largely) Il12b activation (Fig. 3, F and G). Together, 
these data are consistent with the interpretation that SPOP engage-
ment via MyD88 is critical for IRF activity, while activation of the 
NF-B and MAPK pathways proceeds largely independent of SPOP.

SPOP is required to counteract tyrosine 
phosphorylation of IRFs
To delineate the molecular mechanism of IRF regulation, we focused 
our initial studies on IRF5, which can be studied well in macrophage 
cell lines, such as RAW264.7 cells. Although the regulation of IRF5 is 
only partially understood, two principal mechanisms were described 

Fig. 3. SPOP controls TLR-induced IRF nuclear translocation and gene activation. (A) RNA-seq/Enrichr/TTrust-based analysis of top 100 differentially regulated genes 
in CpG-DNA–induced wt and Spop−/− BMDC. The five top-scoring transcription factors are shown. (B) IB analysis of total lysates of BM-derived macrophages (BMMs) ob-
tained from SPOP+/+ or SPOP−/− fetal liver chimeric mice. BMMs from two independent mice per genotype are shown. (C) IB analysis of nuclear extracts and total lysates 
from SPOP+/+ or SPOP−/− DCs derived from multipotent progenitor cells and stimulated with CpG-DNA. (D) IB analysis of nuclear extracts from Ctrl-sg or SPOP-sg RAW264.7 
cells stimulated with CpG-DNA. (E) IB analysis of nuclear extracts from Ctrl-sg or SPOP-sg RAW264.7 cells stimulated with LPS. (F) IB analysis of nuclear and cytoplasmic 
fractions from CpG-DNA–stimulated macrophages derived from MyD88−/− multipotent progenitor cells that were reconstituted with wt or mutant MyD88 [MyD88-AA 
(SS136/137AA)]. (G) qPCR analysis of cells described in (F). Data represent mean ± SD from three independent experiments. ***P < 0.005 is determined by two-way ANOVA 
with Sidak’s multiple comparison test (B).
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in more detail, i.e., activation via IKK (inhibitor of NF-B kinase 
)–mediated serine phosphorylation and, less well characterized, in-
activation via the Src kinase LYN (33, 58, 59). We first tested SPOP 
activity in the context of IKK-induced transcriptional IRF5 activa-
tion using luciferase reporter assays. While neither SPOP nor a con-
stitutively active form of IKK (IKK-EE) alone induced significant 
IRF5 activity, coexpression of both proteins led to robust transcrip-
tional activity of IRF5, supporting the role of SPOP in IRF activation 
(Fig. 4A). As expected, an IRF5 mutant with phospho-mimetic re-
constitution of critical IKK-targeted serine sites (IRF5-Ac) showed 
increased basal activity in this reporter assay (Fig. 4A). SPOP enhanced 
activity of IRF5-Ac significantly, while coexpression of IKK-EE had 

no additional effect (Fig. 4A). While these data confirm the relevance 
of characterized serine residues as IKK-specific phosphorylation 
sites, the data also strongly suggest that SPOP controls IRF5 activity 
independent of IKK.

As mentioned, IRF5 was shown to be negatively regulated by the 
protein tyrosine kinase LYN. Protein interaction between LYN and 
IRF5, rather than LYN-mediated IRF5 phosphorylation, was proposed 
as primary mode of regulation (33). To see whether tyrosine phos-
phorylation was affected by SPOP, we stimulated SPOP-deficient 
RAW264.7 cells with CpG-DNA, followed by IP using phospho-
tyrosine–specific antibodies and immunoblot analysis of different 
IRFs and LYN. As shown in Fig. 4B, SPOP-deficient cells showed 

Fig. 4. LYN controls tyrosine phosphorylation and activity of IRFs. (A) Luciferase reporter assay in HEK293T cells transfected with ISRE (IFN-stimulated response element) 
reporter vector, IRF5-WT, IRF5-S/D active mutant (S434,436,439,449D), SPOP, and constitutively active IKK (IKK-EE). (B) IP/IB analysis based on control (Ctrl-sg) and SPOP-
deficient (Spop-sg) RAW264.7 cells stimulated with CpG-DNA for 1 hour. (C) IP/IB analysis based on control (Ctrl-sg) and SPOP-deficient (Spop-sg) RAW264.7 cells stimu-
lated with CpG-DNA for 1 hour. (D) IP/IB analysis based on RAW264.7 cells with CRISPR-Cas9–mediated deletion of indicated genes. (E and F) Luciferase reporter assay in 
HEK293T cells transfected with ISRE reporter vector (E) or NF-B reporter vector (F) plus IRF and LYN expression vectors (0.01 and 0.03 g). Onefold luciferase activity 
corresponds to reporter activity without IRF. (G) IP/IB analysis of CpG-DNA–stimulated macrophages derived from MyD88−/− multipotent progenitor cells that were recon-
stituted with wt or mutant MyD88 [MyD88-AA (SS136/137AA)]. Data represent mean ± SD from three independent experiments. *P < 0.05, ***P < 0.005 are determined by 
two-way ANOVA with Sidak’s multiple comparison test (A, E, and F).
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strongly increased tyrosine phosphorylation of LYN, indicating in-
creased kinase activity, as well as increased phosphorylation of IRF5. 
Of note, increased tyrosine phosphorylation was not limited to IRF5 
but was also clearly observed for other IRFs that are activated through 
the MyD88 pathway, i.e., IRF1, IRF7, and IRF8 (Fig. 4B).

Similar to other Src family members, LYN activity is regulated by 
tyrosine phosphorylation of a conserved motif in the activation loop 
(Y397, corresponding to Y416 in c-Src) (60, 61). Consistent with the 
described results based on phospho-tyrosine IP experiments, CpG-
DNA stimulation induced a distinct increase of LYN phosphory-
lation in SPOP-deficient cells (Fig. 4C). CRISPR-CAS9–mediated 
deletion of LYN in SPOP-deficient cells prevented the increased ty-
rosine phosphorylation of all IRFs analyzed, suggesting that LYN is 
critical for SPOP-mediated phosphorylation of various IRFs and, 
possibly, control of their transcriptional activity (Fig. 4D). Consistent 
with this idea, LYN-mediated repression of IRF transcriptional ac-
tivity was observed for IRF5, IRF1, and IRF7 (Fig. 4E). IRF3 activity, 
which is physiologically induced by the TLR/TRIF pathway, or RELA-
mediated NF-B activity was not affected, demonstrating selectivity 
of LYN regulatory activity (Fig. 4, E and F). Of note, the described 
increase in tyrosine phosphorylation of IRF5 and LYN was also ob-
served in cells expressing the SPOP binding–deficient MyD88-AA 
mutant, suggesting that MyD88-SPOP interaction is required to pre-
vent tyrosine phosphorylation and functional repression (Fig. 4G). 
Together, the data show (i) that MyD88-SPOP interaction is required 
to counteract LYN activation and (ii) that increased LYN activity 
results in increased tyrosine phosphorylation of MyD88-dependent 
IRFs, whose phosphorylation correlates with reduced transcrip-
tional activity.

LYN phosphorylates a conserved tyrosine residue in IRFs 
that controls nuclear translocation
Using in vitro phosphorylation assays and trypsin-based MS, two LYN 
phosphorylation sites in IRF5 were identified previously (Y313/Y335) 
(33). However, IRF5 variants with corresponding phenylalanine mu-
tations did not show significantly reduced transcriptional activity in 
the presence of LYN, suggesting that LYN-IRF5 interaction, rather 
than IRF5 phosphorylation, might be the primary mode of inhibi-
tion. We took advantage of our observation that TLR-induced tyro-
sine phosphorylation of several IRFs is controlled by LYN. We thus 
aligned IRFs to identify possibly conserved tyrosine residues. Only 
one such tyrosine residue was identified located at the C terminus 
of the DNA binding domain of IRFs (Fig. 5A). Of note, this phos-
phorylation site in IRF5 appeared not amenable to trypsin-based MS 
due to the large fragment size of the resulting peptide (fig. S2). To 
identify LYN-targeted phosphorylation sites, we therefore conducted 
in vitro phosphorylation assays based on recombinant LYN and 
IRF5 and included GluC along with trypsin as enzymes for MS anal-
ysis (fig. S2). While various phosphorylated peptides were identified 
upon tryptic digest of IRF5, GluC digest of LYN-treated IRF5 led to 
identification of a peptide with an MS profile consistent with phos-
phorylation of either the conserved Y118 or, possibly, the adjacent 
Y115 (figs. S2 to S4). To differentiate between these possibilities and 
to confirm the critical pY residue in IRF5, we conducted in vitro 
kinase assays based on recombinant LYN and an IRF5 Y118F mutant 
protein (Fig. 5B). While wt IRF5 was efficiently phosphorylated by 
LYN (along with apparent LYN autophosphorylation), the Y118F 
mutation abrogated phosphorylation almost completely (Fig. 5B). To 
confirm and extend these findings, we conducted phosphorylation 

assays in HEK293T, including IRF5 variants with mutations in the 
previously identified phosphorylation sites (IRF5 Y313/335F). Simi-
lar to the in vitro kinase assay, wt IRF5 was efficiently phosphorylated 
by LYN, while phosphorylation of the Y118F mutant was almost com-
pletely abolished (Fig. 5C). The previously described IRF5 Y313/335F 
mutant did not show an apparent reduction in LYN-mediated phos-
phorylation, neither alone nor in combination with Y118F (Fig. 5C). 
Similar results were obtained for IRF8, IRF7, and IRF1, where mu-
tation of the corresponding conserved tyrosines led to substantial 
decrease in LYN-mediated phosphorylation (Fig. 5, D to F). To ad-
dress the functional impact of Y118 phosphorylation, we reconsti-
tuted wt and SPOP-deficient RAW264.7 cells with either IRF5 wt or 
IRF5 Y118F, followed by CpG-DNA treatment and nuclear translo-
cation analysis. No impact of Y118 was observed in wt cells, while 
nuclear translocation of IRF5 wt was abolished in SPOP-deficient 
cells, as expected (Fig. 5G). However, the IRF5 Y118F mutant trans-
located comparably in control cells and SPOP-deficient cells, con-
sistent with the interpretation that Y118 phosphorylation is the cause 
of failed nuclear translocation of wt IRF5 in SPOP-deficient cells 
(Fig. 5G). Similar data were obtained for IRF1 and IRF8 (figs. S5A 
and S6A). Together, these data suggest that the conserved tyrosine 
in IRFs represents the major phosphorylation site of LYN that con-
trols IRF activation.

Tyrosine-phosphorylated IRF5 is targeted for K48-linked 
ubiquitination and proteasomal degradation
Given the correlation of IRF tyrosine phosphorylation and loss of 
nuclear translocation, we hypothesized that tyrosine phosphoryla-
tion of IRFs may serve as a signal for proteasomal protein degradation 
preventing nuclear translocation. Consistent with this hypothesis, 
treatment of RAW264.7 cells with the proteasome inhibitor MG132 
strongly increased the amount of tyrosine-phosphorylated IRF5 in 
CpG-DNA–treated, SPOP-deficient cells (Fig. 5H). Likewise, the 
decoration of IRF5 with K48-linked polyubiquitin chains, targeting 
proteins for proteasomal degradation, was strongly increased in 
SPOP-deficient RAW264.7 cells treated with CpG-DNA and MG132 
(Fig. 5I). Similar data were obtained for IRF8 (fig. S6B). K48 ubiq-
uitination of IRF5 was recapitulated in HEK293T cells upon over-
expression of LYN, where IRF5 ubiquitination depended on LYN 
kinase activity and the Y118 phosphorylation site in IRF5, as appar-
ent from a kinase-deficient form of LYN and the Y118 mutation in 
IRF5, respectively (Fig. 5J). Similar results were obtained for IRF8 
and IRF1, where LYN-induced IRF K48 ubiquitination was strongly 
increased in the presence of MG132 and dependent on the conserved 
tyrosine residues (figs. S5B and S6C). As expected, overexpression 
of LYN was accompanied by increased LYN autophosphorylation 
and loss of IRF5, while overexpression of the kinase-deficient form 
of LYN mediated neither autophosphorylation nor loss of IRF5 
(Fig. 5K). To directly assess the impact of LYN activity on IRF stabil-
ity, we treated cells for different periods of time with the translation 
inhibitor cycloheximide. As shown in Fig. 5L, LYN induced a clear 
decline of IRF5 protein levels, which was not observed for the IRF5 
Y118F mutant. Similar observations were obtained for IRF8 and 
IRF1, where mutation of the conserved tyrosine rescued LYN-driven 
loss of IRFs (figs. S5C and S6D). In summary, the data show that LYN 
phosphorylates a conserved tyrosine in IRF proteins, as shown for 
IRF5, IRF1, IRF7, and IRF8, which triggers K48 ubiquitination and 
proteasomal degradation, thereby preventing nuclear translocation 
and thus activation of IRF proteins.
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SPOP binds and recruits CSK to the activated MyD88 
signaling complex
Given the deregulation of LYN activity in SPOP-deficient cells, a key 
question is how SPOP controls LYN. To identify potential candidate 
regulators, we performed up-scaled, quantitative MS experiments 

based on immunopurified MyD88 and SPOP. MyD88 interacted 
upon GyrB-driven dimerization induced by CM specifically with 
TRAF6, SPOP, and LYN, as expected (Fig. 6A). MyD88 also inter-
acted with CSK, which was identified with eight unique peptides 
(Fig. 6A). SPOP, in turn, interacted constitutively with MyD88, as 

Fig. 5. LYN phosphorylates a conserved tyrosine in IRFs controlling K48 ubiquitination and stability. (A) Sequence alignment of MyD88-induced IRFs. The con-
served tyrosine is indicated by arrow. (B) In vitro LYN kinase assay using recombinant proteins expressed in HEK293T cells. Incorporation of P32 was analyzed by phosphor 
imaging. (C) IP/IB experiments using HEK293T cells and transfected proteins. (D to F) IP/IB experiments using HEK293T cells and transfected proteins. (G) Nuclear translo-
cation assay of wt and SPOP-deficient RAW264.7 cells that were reconstituted retrovirally with IRF5 wt or IRF5 Y118F. (H) IP/IB analysis of IRF5 phosphorylation using cells 
described in (G). MG, MG-132. (I) IP/IB analysis of K48 ubiquitination of IRF5 in wt and SPOP-deficient RAW264.7 cells. (J) IP/IB analysis of K48 ubiquitination of IRF5 (I) using 
transfected HEK293T cells. (K) IB analysis of IRF5 and phospho-LYN upon overexpression of LYN wt or kinase-dead LYN [LYN-KD (D385G)]. (L) IB analysis of HEK293T cells 
that were transfected with IRF5 wt or IRF5 Y118 (L), followed by cycloheximide (CHX) treatment to block protein translation for indicated time points.



Tawaratsumida et al., Sci. Adv. 8, eabq0084 (2022)     8 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 18

expected, but also with CSK, which was identified unequivocally with 
four unique peptides (Fig. 6B). We confirmed the SPOP-CSK inter-
action using antibodies against endogenous proteins, which demon-
strated constitutive interaction that was slightly increased upon TLR 
activation (Fig. 6C). More detailed analysis using endogenous, as well 
as epitope-tagged MyD88 as bait during TLR stimulation in SPOP-
deficient cells showed that CSK recruitment to MyD88 is dependent 
on SPOP (Fig. 6, D and E). This function of SPOP serving as adaptor 
protein for recruitment of CSK was further supported by experiments 
based on macrophages expressing wt or the SPOP binding–deficient 
MyD88-AA mutant, where both SPOP and CSK recruitment to MyD88 
was abolished in the absence of SPOP (Fig. 6F).

To evaluate the functional relevance of CSK in TLR-induced IRF 
activation, we deleted CSK in RAW264.7 cells and analyzed LYN 
activity in these cells in comparison to wt and SPOP-deficient cells 
during TLR activation. Similar to SPOP-deficient cells, LYN auto-
phosphorylation was strongly increased in CSK-deficient cells (Fig. 6G). 
This increase in phosphorylation is particularly remarkable consid-
ering the relatively low expression levels of LYN in CSK-deficient 
cells, which is a known phenomenon in cells with reduced CSK ac-
tivity (62, 63). Similar to LYN, tyrosine phosphorylation of IRF5 was 
strongly increased upon CSK deletion, and nuclear translocation of 
IRF5 and IRF1 was prevented during TLR activation (Fig. 6, H and I). 
Corresponding to these results and similar to SPOP-deficient cells, 

Fig. 6. CSK interacts with SPOP and controls LYN activity and IRF activation. (A) Quantitative MS analysis of proteins copurifying with dimerized MyD88. Numbers 
reflect protein ratios of CM-treated (dimerized) versus nonstimulated samples. Numbers in brackets indicate number of unique peptides identified. (B) Quantitative MS 
analysis of proteins copurifying with SPOP. Numbers reflect protein ratios of SPOP versus control protein (GyrB). (C) IP/IB analysis using isotype control antibodies or anti-
bodies against endogenous proteins. (D) IP/IB analysis using control or SPOP-deficient RAW264.7 cells and antibodies against endogenous proteins. (E) IP/IB analysis 
using control or SPOP-deficient RAW264.7 cells expressing FS-MyD88-GyrB and antibodies against the epitope tag (Strep). (F) IP/IB analysis of macrophages derived from 
MyD88−/− multipotent progenitor cells that were reconstituted with wt or mutant MyD88 [MyD88-AA (SS136/137AA)]. (G) IB analysis of RAW264.7 cells with deletion of 
SPOP or CSK. (H) IP/IB analysis of RAW264.7 cells with deletion of SPOP or CSK. (I) Nuclear translocation assay of RAW264.7 cells with deletion of CSK. (J) qPCR analysis of 
RAW264.7 cells with deletion of CSK. Data represent mean ± SD from three independent experiments. **P < 0.01, ***P < 0.005 are determined by two-way ANOVA with 
Sidak’s multiple comparison test (J).
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TLR-induced Il12b and Il6 mRNA expression was reduced in CSK-
deficient cells, while Tnf expression was not significantly affected 
(Fig. 6J). Together, the data suggest that SPOP controls LYN activity 
and IRF phosphorylation via CSK, whose recruitment into the MyD88 
signaling complex depends on SPOP.

SPOP interacts directly with CSK and triggers CSK activation
To further characterize SPOP-CSK interaction, we performed co-IP 
experiments in HEK293T cells, which demonstrated robust inter-
action of the two proteins (Fig. 7, A and B). SPOP deletion mutants 
showed that the MATH domain of SPOP was required for CSK 

Fig. 7. SPOP acts as adaptor protein to recruit CSK into the TLR signaling complex. (A and B) IP/IB analysis of HEK293T cells based on exogenously expressed proteins. 
The SBM in CSK and its mutation in CSK-AAA are indicated. (C) FA competition binding assay. Peptides containing the candidate SBM of CSK and the mutated sequence 
CSK-AAA compete with fluorescein-Puc91–106 for binding to the SPOP MATH domain. [L] is the peptide concentration. Continuous lines are nonlinear least-squares fits to 
a complete competitive binding model. See Table 1 for Kd values. (D) Clustal Omega–based sequence alignment of Src family kinases and CSK. The SBM and the conserved 
tyrosine are highlighted by green and red boxes, respectively. (E) IP/IB analysis of HEK293T cells based on exogenously expressed proteins. (F) Nuclear translocation assay 
of SPOP-deficient RAW264.7 cells that were reconstituted with indicated forms of SPOP. (G) qPCR analysis of cells described in (F) that were stimulated with CpG-DNA for 
4 hours. (H to K) In vitro kinase assays based on proteins expressed in HEK293T cells. CSK-AAA, SST340/341/341AAA. Fold differences of CSK autophosphorylation as 
determined by phosphor image analysis. The activity used for reference (set as 1) is underlined. Data represent mean ± SD from three independent experiments. **P < 0.01, 
***P < 0.005 are determined by two-way ANOVA with Sidak’s multiple comparison test (G).
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interaction, suggesting that SPOP might bind CSK via its classic 
substrate-binding mode (Fig. 7A). Analyzing CSK computationally 
for SBMs, we found one motif that was located at a structurally ex-
posed loop of CSK (fig. S7) (64). The functional relevance of this site 
was confirmed by mutagenesis experiments, where a CSK variant 
with replacement of the central part of the SBM with alanine residues 
failed to interact with SPOP (Fig. 7B). This interaction was further in-
vestigated by FA competition binding assays, where a CSK-derived 
peptide containing the described SBM outcompeted the interaction 
of SPOP and a Puc peptide with a Kd of 0.1 mM. Consistent with the 
co-IP experiments, the affinity of this interaction decreased ~40-fold 
upon replacement of key serine/threonine residues with alanine res-
idues (Fig. 7C and Table 1). Of note, as illustrated by the alignment 
with other Src kinase family members, the SBM-containing loop rep-
resents the kinase activation loop, with the SBM virtually replacing 
the sequence containing the conserved tyrosine that controls catalytic 
activity in SFKs (Fig. 7D) (65). Hence, it appears that SPOP uses its 
substrate-binding MATH domain to bind CSK via a defined SBM 
in the activation loop of CSK. On the basis of SPOP’s described in-
teraction with MyD88, the data also imply that SPOP serves as a mo-
lecular bridge between MyD88 and CSK. Given that SPOP engages 
with both MyD88 and CSK via its substrate-binding domain, this 
strongly suggests that dimer (or oligomer) formation of SPOP is re-
quired to allow for simultaneous binding of both target proteins. 
SPOP oligomerization is well characterized and depends on the syn-
ergistic dimerization of its BTB and BACK domains (45, 66). As 
demonstrated above, these domains are not required for MyD88 or 
CSK binding. To see whether they might be required for bridging 
MyD88 and CSK, we performed co-IP studies. While MyD88 did 
not pull down CSK when cotransfected in HEK293T cells, as expected, 
addition of full-length SPOP mediated interaction between the 
two proteins (Fig. 7E). In contrast, SPOP mutants lacking either the 
MATH or the BTB/BACK domains were unable to restore interac-
tion (Fig. 7E). Consistent with these results, reconstitution of SPOP-
deficient RAW264.7 cells with wt SPOP restored TLR-induced IRF5 
and IRF1 nuclear translocation, while SPOP variants with loss-of-
function mutation in the substrate-binding domain (F133V) or 
oligomerization-defective BACK mutation (Y353E) failed to do so. 
Consistently, wt SPOP restored TLR-induced Il12b expression, while 
both mutant forms of SPOP did not (Fig. 7G).

As noted, the SBM in CSK is located in the activation loop. While 
the mechanism of CSK regulation remains only partially understood 
(see Discussion), it seemed an intriguing possibility that CSK activity 
is regulated by SPOP via this SBM. To investigate this idea, we per-
formed in vitro kinase assays based on CSK that was isolated from 
HEK293T cells expressing either SPOP-wt or the SBM binding–
deficient SPOP F133V mutant. SPOP-wt, but not the F133V mutant, 
induced clear CSK activity, reflected by increased autophosphoryla-
tion (Fig. 7H). Given that SPOP and CSK act downstream of MyD88, 
we also tested the influence of MyD88 on SPOP-mediated CSK ac-
tivity. While MyD88 increased CSK expression levels (and thus ki-
nase activity) to some extent, coexpression of SPOP, but not SPOP 
F133V, strongly increased CSK kinase activity (Fig. 7I). SPOP’s de-
pendency on its substrate-binding site for CSK activation was mir-
rored by the SBM-variant CSK (CSK-AAA), whose protein levels 
were similarly up-regulated as CSK-wt upon MyD88 expression, but 
remained resistant to SPOP activation. Likewise, constitutive kinase 
activity was comparable between CSK-wt and CSK-AAA (Fig. 7J). 
The coactivating function of MyD88 depended on its SPOP-binding 

SBM, indicating that MyD88/SPOP complex formation is important 
for CSK activation (Fig. 7K).

Collectively, these data support the role of SPOP as adaptor pro-
tein recruiting CSK into the MyD88 complex. The data also support 
the idea that, in addition to its role as adaptor, SPOP activates CSK 
through interaction with the SBM in the CSK activation loop. The 
latter process is supported by MyD88/SPOP interaction, possibly 
serving as a molecular scaffold for orchestrating efficient CSK auto-
phosphorylation. A schematic model based on observations described 
in this article is shown in fig. S8.

DISCUSSION
Data shown here reveal a key negative regulatory mechanism that con-
trols activity of TLR/MyD88-induced IRF transcription factor family 
members, i.e., IRF1, IRF5, IRF7, and IRF8. This mechanism involves 
LYN-mediated phosphorylation of a conserved tyrosine residue 
found in all IRF proteins, which results in K48-linked polyubiquiti-
nation (via a so far uncharacterized E3 ubiquitin ligase) and prote-
asomal degradation. LYN activity is controlled by CSK, with SPOP 
serving as CSK adaptor protein (and possibly CSK activator) that is 
required to recruit CSK using defined SBMs in MyD88 and CSK. Mu-
tation of these SBMs results in loss of CSK recruitment and func-
tion, increased LYN activity and IRF phosphorylation/degradation, 
and, ultimately, inhibition of transcriptional IRF activity (fig. S8). 
As noted, in the mature immune cells studied in this article, we did 
not notice changes in MyD88 protein levels or increased canoni-
cal MyD88 signaling, suggesting that CUL3-mediated regulation 
of MyD88 observed in HSC and cancer cells may be restricted to 
certain cell types (37, 38). Apart from fundamental implications for 
IRF-mediated gene regulation, signaling events described in our 
work provide a solid molecular framework for how TLRs pro-
mote inflammation, including pathological inflammation as ob-
served in SLE.

As noted, our interpretations related to LYN as IRF-targeting ki-
nase are in conflict with interpretations published in a previous re-
port, favoring protein interaction rather than phosphorylation by 
LYN as primary IRF5 inhibitory mechanism (33). This interpreta-
tion was largely based on LYN overexpression and specific tyrosine 
mutants of IRF5 (IRF5 Y313F/Y335F), the latter of which showed 
little reduction in LYN-mediated phosphorylation in our experiments 
as well as the mentioned report. Hence, inferences based on this 
mutant are uncertain. In contrast, mutations of the conserved tyro-
sine (Y118 in IRF5) led to substantially reduced LYN-mediated IRF5 
phosphorylation, K48 ubiquitination, and increased protein stabil-
ity. The interpretation of results based on overexpressed LYN in 
HEK293T is likewise difficult, as forced expression might have biased 
physiological LYN/IRF5 interaction toward artificial inhibition. The 
Y118F modification of IRF5 rescued nuclear translocation in SPOP-
deficient cells (in the presence of physiological LYN levels), strong-
ly suggesting that LYN-mediated phosphorylation is the dominant 
mode of regulation, at least during TLR activation and in the cell 
types studied. Last, as noted above, this mechanism fits nicely to 
observations related to CSK polymorphisms found in SLE patients. 
Nevertheless, given the fact that the protein levels of LYN can vary, as 
demonstrated for CSK-deficient cells, it is possible that IRF5 bind-
ing through LYN contributes to inhibition under certain circum-
stances (62, 63). One aspect of LYN and IRFs, which has not been 
addressed so far, is, if interaction between these proteins controls 
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LYN activation. Such mechanism has been described for many other 
SFK-activating proteins, whose binding via SH2/SH3 domains opens 
up the closed conformation of inactive Src family members, which are 
then further activated via dephosphorylation of their C-terminal 
tyrosine and consecutive autophosphorylation (67). Such scenario 
is consistent with our data, but further analyses related to the dynam-
ics of LYN/IRF5 interaction and its impact on kinase activity are 
needed to address this question.

One piece of the puzzle missing is the postulated E3 ligase that 
recognizes phosphorylated IRFs and catalyzes their decoration with 
K48-linked polyubiquitin chains. We speculate that this E3 ligase 
belongs to one of the established pY-directed E3 ligases, and a pos-
sible candidate is c-CBL, which contains a conserved N-terminal 
pY-binding PTB domain used to bind activated protein tyrosine ki-
nases and other pY-containing proteins (68–70). c-CBL was described 
as IRF8-binding and IRF8-ubiquitinating protein in macrophages 
treated with IFN- and LPS (71). Genetic deletion of c-CBL led to 
increased IRF8 stability and IL-12 production, consistent with 
(inverse) results obtained for SPOP/CSK-deficient cells. However, 
this paper focused on total IRF8 protein levels, not on nuclear trans-
location, which are likely controlled by IFN- and not TLR4/LPS.  
Hence, it is possible that the molecular mechanism of IRF8 degra-
dation is different from the one controlled by TLR activation.

CSK is similar to SFKs with regard to the functional domain ar-
rangement, including SH3, SH2, and kinase domains, but lacks the 
N-terminal acylation sites (targeting SFKs to the cell membrane), the 
autophosphorylation site in the activation loop (controlling kinase 
activity), and the C-terminal tyrosine site (controlling kinase inhi-
bition). Because of these features and its apparent kinase activity 
ex vivo and in vitro, CSK was considered a constitutively active ki-
nase, whose function is controlled primarily via adaptor proteins that 
recruit CSK to specific cellular localizations, such as lipid rafts and 
focal adhesions (67). Various such proteins are defined, which upon 
phosphorylation interact with CSK invariably through pY/SH2 
interactions (72–78). Data shown here establish SPOP as adaptor 
protein that is essential to recruit CSK to the MyD88 signaling com-
plex to facilitate LYN phosphorylation; however, the interaction with 
the CSK activation loop (not the SH2 domain) appears unique. This 
raises the question how binding and consecutive CSK recruitment 
is dynamically regulated during TLR activation. As shown here, 
MyD88-SPOP interaction is primarily constitutive, while SPOP-CSK 
interaction is induced upon TLR/MyD88 activation. Given that MyD88 
oligomerizes during TLR activation, it seems possible that MyD88-
mediated oligomerization of SPOP controls CSK binding, e.g., through 
increased avidity involving CSK self-association or additional SBMs 
in CSK. While our data establish the SBM in the CSK activation loop 
as critical binding site, they do not exclude the possibility that addi-
tional cooperative interaction surfaces exist. Alternatively, other pro-
teins or protein modifications associated with activated MyD88 could 
contribute to SPOP-CSK binding. Obviously, more detailed studies, 
including structural analyses, will be required to differentiate between 
these possibilities.

A particularly interesting aspect of CSK regulation through SPOP 
is the apparent activation of CSK via the SBM motif in the activa-
tion loop. Although all evidence is based on overexpression of SPOP 
and MyD88 in HEK293T cells, its exquisite reliance on the SBM mo-
tifs in CSK and MyD88 indicates functional relevance. As mentioned, 
CSK is typically considered a constitutively active kinase; however, ex-
amples exist where protein interaction or phosphorylation increases 

kinase activity (79, 80). In case of the CSK-binding protein Pragmin, 
activation entails classic CSK-SH2 interaction with phosphorylated 
Pragmin, whose dimerization is critical for CSK activation (81). On 
the basis of the oligomerization potential of MyD88 and SPOP, it 
seems possible that induced proximity contributes to SPOP-mediated 
CSK activation. However, given that SPOP binds the activation loop 
of CSK, another possibility is that conformational changes of the ac-
tivation loop increase kinase activity. This option seems particularly 
intriguing considering the unique feature of the CSK activation loop, 
which is short in comparison to all SFKs, hindering classic interac-
tions of anchoring points that are usually found in active kinases (82). 
Protein interaction involving the activation loop of kinases has been 
described, including both phosphorylated and nonphosphorylated 
states, which at least in part contribute to kinase activation via teth-
ering the activation loop in its active confirmation (83–85). Thus, 
we hypothesize that SPOP mediates such noncanonical anchoring 
of the CSK activation loop, ultimately increasing kinase activity. 
Again, structural analysis of the SPOP-CSK complex will likely pro-
vide an opportunity to differentiate between these possibilities. In 
summary, our work establishes a negative regulatory mode of TLR/
MyD88-driven IRF activation with defined protein modifications 
and protein interactions, which are likely subject of physiological 
and pathological regulation and, possibly, can be targeted by thera-
peutic intervention.

MATERIALS AND METHODS
Study design
We initiated this project with a proteomic approach to study the com-
position of the TLR/MyD88 signaling complex to identify proteins 
controlling signal transduction and gene regulation. Upon identifi-
cation of SPOP as previously unidentified component of the MyD88 
signaling complex, we used Spop-deficient mice and biochemical 
assays to define the role of SPOP in innate immune cells. All exper-
iments were repeated in at least two to three independent experi-
ments. The number of replicates and statistical analyses performed 
to evaluate the significance of each experiment are described in the 
individual figure legends.

Reagents
CpG-DNA refers to the phosphorothioate backbone containing oligo-
nucleotide 1668 (TCCATGACGTTCCTGATGCT) (TIB Molbiol). Oth-
er agonists used were LPS (Escherichia coli 0127:B8) (Sigma-Aldrich), 
CM (Sigma-Aldrich), and R848 (InvivoGen). Antibodies were sourced 
as follows: SPOP (ProteinTech); FLAG-M2 (Sigma-Aldrich); MyD88, 
IB, P-p38, P-p65, P-JNK, P-ERK, p38, IRF5, IRF1, IRF8, CSK, 
P-SFKs (Y416), LYN, P-Tyr1000, and K48-Ub (Cell Signaling Tech-
nology); hemagglutinin (HA) (3F10) (Sigma-Aldrich); IRF3, IRF7, 
p65, and USF2 (Santa Cruz Biotechnology); and secondary antibodies 
conjugated to horseradish peroxidase (HRP) [Amersham ECL Rabbit 
IgG, HRP-linked F(ab′)2 fragment from donkey and Amersham ECL 
Mouse IgG, HRP-linked F(ab’)2 fragment from sheep] (Cytiva). Che-
miluminescent substrate was from Bio-Rad. Beads for IP were from 
Sigma-Aldrich (FLAG-M2 resin and anti-HA affinity matrix, clone 
3F10), IBA Lifesciences (strep-XT beads), and Cell Signaling Technol-
ogy (P-Tyr1000 sepharose beads and protein A agarose beads). Enzyme-
linked immunosorbent assay (ELISA) kits were from eBioscience 
(TNF- and IL-6) and R&D Systems (IL-12p40 and IFN-). Luciferase 
assay system was from Promega. Lipofectamine 2000 was from Thermo 
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Fisher Scientific. MG-132 and cycloheximide were from Sigma-Aldrich. 
Recombinant LYNa protein was from Carna Biosciences.

Plasmids
Expression plasmids were established by conventional molecular bi-
ology techniques and verified by Sanger DNA sequencing. Epitope 
tags consisted of tandem triple tags (HA, FLAG) and a fusion tag 
consisting of triple FLAG tag and StrepOne tag (FS). MyD88-FS-GyrB 
was expressed as fusion protein consisting of full-length mouse MyD88 
and C-terminal FS tag and GyrB moiety using a pcDNA3-based vec-
tor with EF1 promoter. HA-tagged full-length mouse MyD88, TIR 
(amino acids 1 to 159 of mouse MyD88), DD (amino acids 110 to 
296 of mouse MyD88), and deletion mutants 109–160 (IM of mouse 
MyD88) were expressed as N-terminal HA-tagged proteins using an 
expression vector with cytomegalovirus (CMV) promoter. N-terminal 
triple HA-tagged full-length mouse MyD88-WT and MyD88-AA 
(S136/137A), N-terminal HA-tagged full-length mouse SPOP-WT 
and SPOP mutants (F133V or Y353E), and mouse LYN-WT and 
LYN-KD (D385G) were expressed using a lentiviral vector with ubiq-
uitin promoter. C-terminal FS-tagged mouse SPOP, N-terminal 
FLAG-tagged 1–169 (MATH of mouse SPOP), and C-terminal 
FS-tagged 170–374 (BTB-Back of mouse SPOP) were expressed 
using a pcDNA3-based vector with EF1 promoter. N-terminal FS-
tagged full-length mouse MyD88-WT and MyD88-AA (S136/137A), 
N-terminal FS-tagged mouse IRF5-WT and FS-tagged mouse IRF5-
Active mutant (S434/436/439/445D), and N-terminal green fluorescent 
protein (GFP)–tagged mouse IRF7-WT and IRF7-Y122F were ex-
pressed using a murine stem cell virus (MSCV)–based retroviral vec-
tor. The cDNA of mouse IRF5 (RefSeq accession no.: XM_006505097.1) 
was obtained by reverse transcription PCR (RT-PCR) using mRNA 
from BMMs. N-terminal FS-tagged mouse IRF5-WT, IRF5-Y118F, 
and Y313/335F and N-terminal FS-tagged mouse IRF1-WT and IRF1-
Y109F were expressed using a lentiviral vector with EF1 promoter. 
N-terminal FLAG-tagged mouse CSK-WT and CSK-SST340/341/ 
342AAA were expressed using the vector pCMV3-N-FLAG (Sino 
Biological). pcDNA3-N-FLAG-hIRF8 was from Sino Biological. 
N-terminal FS-tagged human IRF8-WT and IRF8-Y110F were ex-
pressed using pcDNA3. pCMV3-N-FLAG-CSK was from Sino Bio-
logical. pEGFP-N1-human-LYN-GFP was obtained from Addgene 
(no. 35958). N-terminal HA-tagged human IKK-active mutant 
(S177/181E) was expressed using a vector containing a CMV pro-
moter (pRC). Mutations were introduced using the Q5 Site-Directed 
Mutagenesis Kit according to the manufacturer’s instructions (New 
England Biolabs).

Mice, cell culture, and retrovirus generation
Spoptm1a(KOMP)Mbp were obtained from Knockout Mouse Project 
(www.komp.org). Mice carrying the targeted mutation were gener-
ated by injection of sperm into female C57BL/6J mice and crossing 
with C57BL/6J mice. For fetal liver transplantation, 2 × 106 fetal liver 
cells isolated from Spop+/+ or Spop−/− embryos on E13.5 were injected 
into lethally irradiated (950 cGy) C57BL/6 mice. Spopfl/fl mice were 
generated by crossing Spoptm1a(KOMP)Mbp mice with FLPeR (flipper) 
mice carrying the FLP recombinase gene targeted to the ROSA locus 
(B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ (86). Progeny carrying a 
Spop conditional allele (Spopfllfl) (as confirmed by PCR) was crossed 
with Vav-iCre mice (B6.Cg-Commd10Tg(Vav1-icre)A2Kio/J) to selectively 
abrogate SPOP expression in hematopoietic cells (48). All mouse 
studies were carried out in accordance with protocols approved by 

the Institutional Animal Care and Use Committee at University of 
Utah and St. Jude Children’s Research Hospital.

HEK293T cells were maintained in growth medium D-10 {Dulbecco’s 
modified Eagle’s medium (Life Technologies) containing phenol red, 
supplemented with 10% (v/v) fetal calf serum (FCS) (HyClone), 50 M 
2-mercaptoethanol, antibiotics [penicillin G (100 IU/ml) and strep-
tomycin sulfate (100 IU/ml)], and pyruvate (1 mM)}. RAW264.7 
cells were cultured in RP-10 {RPMI 1640 (Life Technologies), sup-
plemented with 10% (v/v) FCS (HyClone), 50 M 2-mercaptoethanol, 
and antibiotics [penicillin G (100 IU/ml) and streptomycin sulfate 
(100 IU/ml)]}. BMM and BMDC were generated by cultivating un-
fractionated BM cells (obtained from female C57BL/6 mice and 
corresponding wt control mice, as indicated in figure legends) for 
6 days in D-10 supplemented with 30% L cell–conditioned medium 
(BMM) or 2% granulocyte-macrophage CSF (GM-CSF) conditioned 
medium (BMDC) (87).

Conditionally immortalized multipotent progenitor cells (referred 
to as Hoxb8-FL cells) were established as described (87). All cell cul-
ture was performed in RP-10. BM cells were partially purified using 
a Ficoll-Paque (GE Healthcare) gradient centrifugation step to re-
moved neutrophils and red blood cells. The resulting cells were trans-
duced using a retrovirus expressing a fusion protein of HOXB8 and 
the G400V variant of the estrogen-binding domain of the human ER 
(ERHBD), which renders the hormone-binding domain insensitive 
to physiological concentrations of estrogen or phenol red contained 
in growth medium (88). Transduced cells were expanded in RP-10 
supplemented with 1 M -estradiol and 5% supernatant from an 
Flt3L-producing B16 melanoma cell line (provided by R. Steinman). 
For generation of Hoxb8-FL–derived macrophages, estrogen was re-
moved and cells were differentiated for 7 days in RP-10 supplemented 
with 30% L cell–conditioned medium.

Replication-deficient lentivirus and MSCV were generated using 
Lipofectamine 2000 (Invitrogen)–based transient transfection of 
HEK293T cells using a four-plasmid system that was generously 
provided by I. Verma (for lentivirus) or an ecotropic, MSCV-based 
two-plasmid system. Cas9-mediated deletion of genes in RAW264.7 
cells was done on the basis of cells transduced with the lentiviral CAS9 
expression vector lentiCas9-Blast (Addgene, no. 52962). Single-guide 
RNAs (sgRNAs) were expressed by lentiviral delivery of specific sgRNA 
[mouse Spop genomic target sequence: CCTCCGGCAGAAATGTC-
GAG (SPOP-sg), GTGGTCCCGTTGCCGAGAGC (SPOP-sg2), mouse 
Csk genomic target sequence: GCAATACATTCTGTACCGGA, mouse 
Lyn genomic target sequence: AGAGATTATGACCCTATGCA] using 
the lentiviral vector lentiGuide-Puro (Addgene, no. 52963). Transduced 
cells were selected with puromycin (10 g/ml) and used as polyclonal 
cell population.

Affinity purification and quantitative mass spectrometry
Following procedures previously described for SILAC (89), RAW264.7 
cells expressing stably MyD88-FS-GyrB, SPOP-FS, or FS-GyrB were 
cultured in arginine- and lysine-free RP-10, supplemented with either 
l-arginine and l-lysine (light), l-arginine-HCl (13C6; CLM-2265 
[R6]) and l-lysine-2HCl (4,4,5,5 D4; DLM-2640 [K4]) (medium), or 
l-arginine-HCl (13C6, 15N4; CLM-539 [R10]) and l-lysine-2HCl 
(13C6, 15N2; DLM-291 [K8]) (heavy) (Cambridge Isotope Labs). 
For complete incorporation of labeled amino acids, cells were pas-
saged three times in SILAC medium over a period of 5 days. After cell 
treatment, the medium was replaced by ice-cold phosphate-buffered 
saline (PBS) and cells were collected by cell scraping and centrifugation. 

http://www.komp.org
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Cell pellets were incubated with lysis buffer [LB; 20 mM Hepes/NaOH 
(pH 7.5), 1.5 mM MgCl2, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 
PhosSTOP (Roche), and cOmplete protease inhibitors (Roche)] and 
0.5% NP-40 for 20 min. Samples were cleared by centrifugation and 
loaded five times over M2 FLAG-bead–containing columns. Un-
bound proteins were removed by washing column with LB plus 0.1% 
NP-40, and proteins were eluted at pH 3.5 in water supplemented 
with 100 mM glycine, 50 mM NaCl, 0.1% NP-40, and Roche complete 
protease inhibitors. The proteins were concentrated using spin col-
umns with a 3-kDa cutoff [Amicon Ultra3K MWCO (EMD Millipore)] 
and dissolved in SDS–polyacrylamide gel electrophoresis (PAGE) 
loading buffer (Bio-Rad). The dissolved proteins derived from light, 
medium, and heavy conditions were combined, followed by separa-
tion on a 10% bis-tris gel (Bio-Rad) and staining with SYPRO Ruby 
protein stain (Sigma-Aldrich). The entire lane was cut into individual 
bands, digested using a proteolytic enzyme, and analyzed by liquid 
chromatography–MS/MS (LC-MS/MS) as described below, using a 
nanoACQUITY UPLC (Waters) coupled to an Orbitrap ELITE high-
resolution mass spectrometer (Thermo Fisher Scientific).

Sample preparation and electrospray ionization LC
As described previously (89), the protein gel bands were reduced 
with dithiothreitol (DTT) and alkylated with iodoacetamide and 
then digested overnight with either trypsin (Promega) or GluC 
(Pierce) according to the manufacturer’s instructions. The resulting 
peptides from the digest were injected into the mass spectrometer 
using in-line chromatography with reversed-phase (C18) ultrahigh-
pressure LC on a nanoACQUITY UPLC (Waters). The column used 
was a Waters BEHC18 with an inner diameter of 75 m and a bed 
length of 10 cm. The particle size was 1.7 m. Peptides were gradient 
eluted over a gradient [0 to 70% B for 60 min and 70 to 100% B for 
10 min, where B was 70% (v/v) acetonitrile, 0.2% formic acid] using 
a flow rate of 250 nl/min into the high-resolution Orbitrap ELITE 
through a noncoated spray needle with voltage applied to the liq-
uid junction.

MS/MS analysis with LTQ ELITE (Thermo Fisher Scientific) 
and database analysis
Following procedures previously described in (89), data-dependent 
scanning was incorporated to select the 20 most abundant ions (one 
microscan per spectrum; precursor isolation width, 2.0 Da; 35% col-
lision energy; 10-ms ion activation; 15-s dynamic exclusion duration; 
5-s repeat duration; and a repeat count of 1 from a full-scan mass 
spectrum at 60,000 resolution). MS/MS was performed in the ion trap 
by collision-activated dissociation. Database searches were performed 
using RAW files in combination with Andromeda search engine 
that is part of the MaxQuant software (version 1.1.1.32) developed at 
the Max Planck Institute. The SwissProt 2012_08 [537,505 sequences; 
190,795,142 residues; taxonomy: Mus musculus (16,605 sequences)] 
database was used for peptide and protein identification. MaxQuant 
was also used to quantitate peptides and proteins and to provide 
ratios generated in Excel format. Protein assignments were made on 
the basis of both MS and MS/MS spectra, whereas peptide quantita-
tion was based solely on MS data. The following residue modifica-
tions were allowed in the search: carbamidomethylation on cysteine 
(fixed modification), oxidation on methionine (variable modifica-
tion), phosphorylation (variable modification) on serine, threonine, 
and tyrosine, and label:13C(6) on arginine, label:13C(10) on arginine, 
label:13C(4) on lysine, and label:13C(8) on lysine. The MS1 mass 

tolerance was set to 15 ppm (parts per million), the MS/MS tolerance 
was set to 0.5 Da, and protein false discovery rate (FDR) was set to 
0.01. The identifications from the automated search were verified by 
manual inspection of the raw data.

FA competition binding assay
The MATH domain of SPOP (residues 28 to 166) was purified as 
previously described. All FA binding assays were performed in 20 mM 
tris (pH 7.6), 150 mM NaCl, 5 mM DTT, 0.01% Triton X-100, and 
bovine serum albumin (10 mg/ml) as previously described (90). Se-
rial dilutions of each peptide were prepared in 384-well plates rang-
ing from several millimolar to low micromolar concentrations. 
MATH domain and fPuc (with the sequence of Puc residues 91 to 
106, Ac-ENLACDEVTSTTSSST-NH2, N-terminally fluorescently 
labeled) were added to final concentrations of 6 M and 40 nM, re-
spectively. Anisotropy was measured using a CLARIOstar plate reader 
(BMG LABTECH). Analysis was performed as described previously 
(91). For each FA assay, three independent experiments were per-
formed and fit. Kd was reported as the average from the three fits, 
and the error was reported as the SD.

IP and nuclear protein extraction
IP studies were performed in HEK293T cells, RAW264.7 cells, and 
Hoxb8-FL–derived macrophages. HEK293T cells were transfected 
using Lipofectamine 2000 (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Cells were lysed for 20 min at 4°C 
in LB [20 mM Hepes/NaOH (pH 7.5), 1.5 mM MgCl2, 150 mM NaCl, 
1 mM EDTA, 0.5% NP-40, and 10% glycerol] supplemented with 
cOmplete, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) 
and PhosSTOP (Sigma-Aldrich). After clearance of lysates by cen-
trifugation (10 min, 20,817g, 4°C), lysates were subjected to IP using 
FLAG M2 resin (Sigma-Aldrich), anti–HA-matrix (clone 3F10, Sigma-
Aldrich), strep-XT beads (IBA Lifesciences), or P-Tyr1000 sepharose 
beads (Cell Signaling Technology) for 1 hour at 4°C. For IP of endog-
enous proteins, protein extracts were incubated with antibodies for 
4 hours, followed by protein A agarose beads (Cell Signaling Tech-
nology) or TrueBlot Anti-Rabbit Ig IP Agarose Beads (ROCKLAND) 
for 1 hour. Precipitated proteins were dissolved from beads by heat-
ing at 95°C for 5 min in SDS sample buffer (Bio-Rad), followed by 
centrifugation (3 min, 20,817g, room temperature) and analysis by 
IB. Nuclear and cytoplasmic proteins were extracted using NE-PER 
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions.

RNA analysis by RNA-seq and qPCR
Following the procedures previously described in (92), total RNA 
was isolated using TRIzol (Invitrogen) and quantified by measur-
ing the optical density at 260 nm using a NanoDrop spectropho-
tometer. For RNA-seq, libraries were generated from ∼1 g of total 
RNA using the Illumina TruSeq Stranded Total RNA Prep Kit with 
the Ribo-Zero Gold Human/Mouse/Rat Ribosomal Reduction Kit. 
Libraries were sequenced on an Illumina HiSeq 2500 Sequenc-
ing system using paired-end 100–base pair sequencing chemistry. 
For qPCR, cDNA was prepared from 1 g of total RNA by reverse 
transcription using SuperScript II reverse transcriptase (Thermo 
Fisher Scientific) and oligo(dT) primers. Real-time PCR was per-
formed using SYBR Green Master Mix (Thermo Fisher Scientific) 
and gene-specific primers in the 7300 Sequence Detector System 
(Thermo Fisher Scientific). Data were normalized by the level of 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression 
in each individual sample. The genes and primer sequences used for 
qPCR are listed in Table 2.

Protein expression and purification of IRF substrates 
for in vitro kinase assay
FS-IRF5, FS-IRF1, or FS-IRF8 proteins used for in vitro kinase assays 
were expressed in HEK293T cells by transient transfection using 
Lipofectamine 2000 (Thermo Fisher Scientific). Forty-eight hours 
after transfection, the cells were lysed using LB [20 mM Hepes/NaOH 
(pH 7.5), 1.5 mM MgCl2, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 
and 10% glycerol] supplemented with complete protease inhibitors 
and phosphatase inhibitors cocktails (Sigma-Aldrich). After clearance 
by centrifugation (10 min, 20,817g, 4°C), lysates were subjected to 
column purification using strep-XT beads according to the manu-
facturer’s instructions (IBA Lifesciences). FS-tagged proteins were 
eluted with buffer BXT and concentrated using spin columns with a 
3-kDa cutoff [Amicon Ultra3K MWCO (EMD Millipore)].

In vitro kinase assay
The protein tyrosine kinase activity of LYN was determined by mea-
suring incorporation of P32 from [-32P]ATP (adenosine triphos-
phate) into IRF substrates. Autophosphorylation activity of CSK was 
determined by measuring incorporation of P32 from [-32P]ATP 
into CSK. For expression of CSK, HEK293T cells were cotransfected 
with FLAG-tagged CSK-WT or CSK-AA, HA-tagged MyD88-WT 
or MyD88-AA, and HA-tagged SPOP-WT/SPOP-F133V or SPOP-
mutBack, as indicated in figures. Twenty-four hours after trans-
fection, cells were lysed and FLAG-CSK was immunopurified with 
FLAG beads, followed by the in vitro kinase assay (CSK autophos-
phorylation). Kinase assays were carried out at 30°C in a 50-l volume 
of kinase buffer [25 mM Hepes-NaOH (pH7.5), 5 mM MnCl2, 1 mM 
EDTA, 2 mM DTT, 0.01% Tween 20, PhosSTOP (Sigma-Aldrich), 
50 M cold ATP, and 10 Ci [-32P]ATP]. One microgram of LYN-KD 
and 0.5 g of IRF substrates were used per sample. The reaction was 
terminated with 20 l of 4× SDS sample buffer and heating at 95°C 
for 5 min. The protein solution was subjected to SDS-PAGE, immuno-
blotted onto nitrocellulose membranes, and analyzed by Phosphor 
Imager (Typhoon, GE Healthcare).

Analysis of protein stability
To analyze IRF protein stability, HEK293T cells were cotransfected 
with plasmids expressing FS-IRF5, FS-IRF1, or FS-IRF8 along with 
LYN using Lipofectamine 2000. Forty-eight hours after transfection, 
the cells were treated with cycloheximide (20 g/ml) for time periods 
indicated in figures to inhibit protein synthesis. Cells were lysed 

using RIPA (radioimmunoprecipitation assay) buffer [50 mM tris-
HCl (pH 8), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
and 0.1% SDS (pH8.0)], and protein levels of IRF5, IRF1, and IRF8 
were analyzed by IB.

In vivo ubiquitination assay
HEK293T cells were cotransfected with plasmids expressing FS-IRF5, 
FS-IRF1, or FS-IRF8 along with LYN using Lipofectamine 2000. 
Forty-eight hours after transfection, cells were treated with 10 M 
MG132 for 4 hours. IRF-expressing RAW264.7 cells were treated with 
10 M MG132 for 1 hour followed by CpG-DNA stimulation (1 M) 
for 1 hour. HEK293T and RAW264.7 cells were lysed in urea buffer 
[8 M urea, 20 mM Hepes/NaOH (pH 7.5), 1.5 mM MgCl2, 150 mM 
NaCl, 1 mM EDTA, 0.5% NP-40, and 10% glycerol] supplemented 
with complete protease and phosphatase inhibitors (Sigma-Aldrich) 
and 20 mM N-ethylmaleimide. After clearance by centrifugation 
(10 min, 20,817g, 4°C), lysates were subjected to IP using strep-XT 
beads for 4 hours at 4°C. Denatured IP samples were analyzed by IB 
using antibodies against K48-linked polyubiquitin.

Luciferase reporter assay
HEK293T cells were transfected with an ISRE (IFN-stimulated response 
element) reporter (firefly luciferase) vector containing a triple ISRE 
binding site and minimal promoter,  or an NF-κB reporter vector 
containing a triple NF-κB binding site and a minimal promoter, 
Renilla luciferase vector (pRL-TK; Promega), and indicated expres-
sion plasmids using Lipofectamine 2000 (Thermo Fisher Scientific). 
Twenty-four hours after transfection, the cells were lysed in passive LB 
(Promega). Luciferase activity was determined using the dual luciferase 
kit (Promega), and firefly luciferase activity values were normalized to 
Renilla luciferase activity.

Analysis of in vivo cytokine levels
For analysis of R848-induced in vivo cytokine release, Spopfl/fl and 
Spopfl/fl-Vav-cre mice were intraperitoneally injected with 50 nmol 
R848 (in 0.1 ml of PBS) and serum samples were collected 1.5 hours 
later. Cytokine concentrations of IFN-, TNF-, IL-6, and IL-12p40 
were determined by ELISA (IFN- and IL-12p40 from R&D Systems 
and TNF- and IL-6 from Thermo Fisher Scientific).

Statistical analyses
Statistical analyses were performed using GraphPad Prism 8 software. 
Pairwise comparisons were performed with two-tailed unpaired Stu-
dent’s t test. Multiple comparisons were analyzed by two-way anal-
ysis of variance (ANOVA) with Sidak’s multiple comparison test 
followed by posttests as specified in figure legends.

Table 2. Primer sequences used for quantitative polymerase chain reaction.  

Gene Sense Antisense

Gapdh 5′-GTGTTCCTACCCCCAATGTG-3′ 5′-GGTCCTCAGTGTAGCCCAAG-3′

Il6 5′-CTGATGCTGGTGACAACCAC-3′ 5′-AGCCTCCGACTTGTGAAGTG-3′

Il12b 5′-AAACCAGACCCGCCCAAGAAC-3′ 5′-AAAAAGCCAACCAAGCAGAAGACAG-3′

Tnf 5′-ACAGAAAGCATGATCCGCG-3′ 5′-GCCCCCCATCTTTTGGG-3′

Nfkbia 5′-CTCACGGAGGACGGAGACTC-3′ 5′-CTCTTCGTGGATGATTGCCA-3′
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0084

View/request a protocol for this paper from Bio-protocol.
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